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introduced the term metapopulation as "a population of populations". The concept was developed for animal species (in fact, for pests on agricultural crops). A metapopulation consists of several distinct populations, each of which may go extinct. Migrants can re-colonise empty habitat patches. Migrants can also (demographically and genetically) rescue populations before they go extinct. Hence the network is stable in the long term, even though each individual population may not be. An essential characteristic of a metapopulation is therefore dispersal of individuals. A common characteristic is that some of the potentially suitable habitat is unoccupied at all times.
Although all aspects of a metapopulation (habitat patches which may or may not be occupied, dispersal and recolonisation) are also found in plant species, plants cannot easily disperse directionally. The majority of seeds and pollen may end up in the landscape matrix, without reaching suitable habitat. For that reason some people doubt whether plant species exhibit "true" metapopulation dynamics. Indeed, plant species have adaptations to cope with the dynamics of a metapopulation: longevity as an individual (to survive poor conditions, and to avoid loss of genetic diversity through overlapping generations), propagation as a clone, or the presence of a seed bank. It can be argued, however, that many plant species can deal very well with longer-distance dispersal and migration. They are pollinated by wind or by animals that are capable of moving directionally (insects, bats) . Also for seed dispersal many different agents are engaged that can move directionally and bridge large distances (e.g., mammals, birds - Kramer et al. 2008a ). So metapopulation theory may indeed be a meaningful concept for plant species in general and for forest species in particular.
The notion that networks of populations are more stable than isolated populations has become an important element in conservation policies. Next to protecting and enlarging existing natural areas, and improving their quality, the natural elements are now being connected by "corridors" of additional natural elements strategically placed between patches of natural habitat when they are deemed too far apart. Beier et al. (2008) discussed various choices and assumptions that arise when designing linkages to facilitate movement or gene flow of focal species between two or more natural areas. They recommend designing them for multiple focal animal species, as a "collective umbrella" for many species and ecological processes. When forest patches are connected with each other and with larger forest areas, animals living in the forest may move between these patches. It is anticipated that this will also enhance the movement of forest undergrowth plant species. In all cases the magnitude of the effect will be species-dependent.
Population genetics in fragmented forests
Changing land use (e.g., conversion of forests to agricultural land) and logging have increased fragmentation and isolation of tree populations in many parts of the world (Geburek & Konrad 2008) . Many fragments are too small to sustain a viable population of a naturally regenerating tree species, and thus the amount of gene flow among the remnant populations and their level of genetic diversity are key factors that will ultimately determine the genetic consequences of habitat fragmentation (Aguilar et al. 2008) . The effects of fragmentation on genetic diversity are then the result of population size, degree of isolation and matrix characteristics, and their interactions (Aguilar et al. 2008) . Generally, one can expect that genetic diversity will be lost when gametes are exchanged is across larger distances and through more inhabitable areas.
Although forest fragmentation is widespread and locally very severe, one generally finds that the genetic diversity in mature trees in these fragments has not diminished (Aguilar et al. 2008 ). There are some exceptions, e.g., pasture trees that set less fruit compared to trees in a continuous forest, with a reduced number of parents (Rocha & Aguilar 2001) , and decreased diversity in fragmented populations of European beech in northeastern Spain (Jump & Penuelas 2006) , but this is not the general pattern. For this apparent paradox Kramer et al. (2008a) offered three possible causes, which may interact: 1. Pollination occurs across large distances. Many examples exist, but two will suffice to make the point. Fig wasps fly routinely several kilometres through tropical forest to find the next tree of the same species. Outside the forest they may cover many kilometers, but under those circumstances they may be considered wind-dispersed themselves. In the windpollinated European beech parentage studies showed that 44.6% and 71.8% of the seeds were pollinated from outside of the plot (Kramer et al. 2008b ). Since pollination can occur across large distances, forest fragments that we consider to be separated may, in fact, form a continuous population for some of the tree species. Hence, we have to determine what delineates a "population" for the species under study (which is not necessarily an easy task - Waples & Gaggiotti 2006 ). On the side, we may observe that the opposite may also be true as well: some tree species may be fragmented within a "continuous" forest if the species is sufficiently rare or suitable habitat is distributed very unevenly. 2. Not all seed dispersal is negatively affected by fragmentation. Forest fragmentation will affect populations of plants and animals if the fragment boundaries limit dispersal, so that the normal leptokurtic dispersal curve is limited at or near the outer edge of the forest fragment. This may be the case for seed dispersal by small arboreal, terrestrial, or weak-flying dispersal agents that do not cross open land. Other dispersal curves may not be affected at all. Quite the opposite ("fat" dispersal curves) may in fact be common for seeds dispersed by large birds, large bats, and terrestrial birds or mammals, since these are forced to move further than they otherwise would to reach the next suitable forest patch (directed dispersal). 3. The effect of generation time. Population genetic theory predicts that small populations have less diversity, provided that they have had sufficient time to experience genetic drift, inbreeding, and ultimately inbreeding depression. However, stands in fragments are mostly living relicts of predisturbance populations of largely unrelated individuals. In general it is accepted that after habitat fragmentation the effects on genetic diversity have a lag time that is related to the generation time of the focal organism (Honnay et al. 2005) . It can easily take several generations of isolation before clear effects become apparent. This genetic "lag time" may have led Kramer et al. (2008a) to state that genetic degradation may not be as important as ecological degradation for many decades following habitat fragmentation. However, when Lowe et al. (2005) reviewed studies of several neotropical tree species, they found mostly no effect on genetic diversity, but they did observe that progeny inbreeding, reproductive output, and fitness were impacted. This pattern would be expected if the parents are derived from large populations, but their mating is limited, and their current offspring is therefore derived from a limited number of parental trees. Also Aguilar et al. (2008) warned for shifts in mating patterns towards increased selfing. Sork & Smouse (2006) mentioned the example of pollen in savannah populations of Quercus lobata, which moved larger distances but at the same time the seedlings resulted from a smaller number of pollen donors compared to forest populations of Quercus alba. Studies of black poplar (Populus nigra) in the Netherlands and other European countries have uncovered two other processes. The mature poplar trees along the Rhine river are largely pure P. nigra, but the populations consist of only a few genotypes as the trees show increased levels of clonal propagation as a result of reduced river dynamics (Arens et al. 1998 , Smulders et al. 2008a ). In addition, when Smulders et al. (2008b) studied the seedlings along the shores of the Rhine river they found that almost 50% of the seedlings were offspring of crosses with hybrid P. x canadensis cultivars, which have been planted in large numbers on cultivated fields and along roads. The reduction of the population size of naturally occurring trees compared to the number of planted hybrid cultivars thus leads to alterations in the genetic composition of the offspring, which may affect future generations of this species. A final process that we may mention is the change in management in many European forests, which generally involved a decrease of human management activity with the aim to mimic more 'natural' processes. This has resulted in a strong decrease of available germination sites for many forest plant species (Arens et al. 2005 , Jacquemyn et al. 2008 , Jacquemyn et al. 2009 ). Aguilar et al. (2008) performed a metaanalysis on isoenzyme studies of fragmented plant populations. The effects of 50 years fragmentation on number of alleles, number of polymorphic loci, and expected heterozygosity were not yet statistically significant (they were after 100 years). Clearly the effects for tree species may be even more difficult to detect, as they are long-lived and have largely overlapping generations. Aguilar et al. (2008) concluded that conservation efforts in fragmented habitats should be focused on common species or species that recently became threatened, and on mainly outcrossing species, as these will suffer the most from fragmentation. Honnay & Jacquemyn (2007) came to a similar conclusion.
Climate change
Climate change is changing habitat conditions, leading to (more or less predictable) shifts in optimal habitat conditions with increased latitude and altitude. Furthermore, yearly weather variability will increase. Many species have been observed to expand their range northward and upward, including insects (Battisti 2008) . Climate change is caused by a steady increase in greenhouse gasses, notably CO2, but how plants will react to the combination of these two processes is, at best, unclear.
The temperature gradient from north to south along the European Atlantic coast is about 0.005 ºC per km. A predicted change of 4 ºC in 100 years therefore means that each temperature isocline will move 800 km, i.e., travel with a speed of on average 8 km per year across flat land (changes take place across smaller distances when going uphill in mountainous regions). How does such a potential increase of temperature affect tree species distribution? To survive, a species can either shift its range or adapt to the changing conditions, or both. Palynological and historical data on the speed at which tree species move indicate that tree movement is highly species-dependent, but in the range of 0.25-1.5 km per year (Kräuchi 1993 , Savolainen et al. 2007b , the largest value being for conifers. Kremer (2007) estimated that, at maximum, trees would be able to shift their range 10-70 km during the coming hundred years, not taking into account habitat fragmentation. These estimates do not take into account rare long distance dispersal event, as these are very difficult to measure, and therefore it is also difficult to quantify their possible impact. It is thought that long distance dispersal may have played a large role in the recolonisation of Europe that followed the last ice age. Real movement of Norway spruce (6 km to the North in the 60 years period from 1935 to 1995 - Savolainen et al. 2007a ) is in accordance with the models. Forest tree species show clines of adaptive traits, in spite of a high level of gene flow in large continuous populations. Savolainen et al. (2007a) argued that selection in tree populations can be strong because mortality is high, especially in the seedling stage. Hence, there is considerable capacity for high selection differentials. In addition, the populations may be large and continuous but the habitat is heterogeneous. On the downside, as mature trees are long-lived, they will spread their genes, which mostly reflect selection at the seedling stage, for a very long time. Indeed, when they modelled Norway spruce populations under climate change, adult trees that had become mal-adapted but did not die due to frost damage or competition actually slowed down the adaptive response of the populations. Even when they stopped climate change in the model, the populations took 500 years to fully adapt genotypically and phenotypically. Pollen migration from the south could increase the rate of adaptation. We should distinguish between the processes that will take place at the front (the leading edge) of the species distribution, where conditions are generally improving as a result of global warming and the species can therefore potentially expand its range, and the rear (lagging) edge of the distribution, where conditions for species survival are worsening (Mátyás 2007 , Manning et al. 2009 ).
At the front, where the tree species distribution is generally limited by temperature, the conditions are slowly improving, and new patches of habitat become available. However, colonization is hampered by the fact that, as existing populations are still marginal, there are only few dispersers. In addition, these may have problems in dispersing into the new habitat across inhabitable landscape. Forest trees have an extra problem, as the right conditions for seedling survival and establishment may occur only once every several decades (Kräuchi 1993) . Once a new population is formed, it initially is small and relatively isolated from the centre of the distribution of the species. This means that genetic drift in this population can be quite high, leading to loss of genetic diversity. Next to this, genetic diversity can be lost by adaptation to local conditions. Deleterious mutations have a significantly larger chance of establishing themselves in these small populations (Burton & Travis 2008) . A solution could be to increase existing habitat to enlarge populations, as large populations generate more migrants (Schippers et al. 2009 ), and to enhance the movement of migrant seeds by constructing nature corridors. This will also reduce the occurrence of genetic drift.
At the rear edge of the species distribution the habitat quality is dropping below the lower limit, and the species will disappear at that location unless it is able to adapt to the new conditions. Actual extinction may, however, take a long time to occur, a period during which the species has an "extinction debt". Hence, existing forests may survive for a long time after conditions suitable for germination and establishment have disappeared. During that time they will still produce seeds, and since the yearly weather variability is much larger than the gradual increase in average temperature due to climate change, there may still be years in which seedlings can establish themselves. However, this period may end very abruptly with a mortality wave due to extreme weather conditions. This will probably be a year with extreme drought, as drought stress is the most important factor at the southern limit of the distribution of many tree species (Mátyás 2007) .
Climate change and fragmented forests
So we see that tree species will have great difficulty achieving the speed of range shift that is necessary to follow their habitat. If, next to this, movement of propagules poleward, and up hill, is also limited by habitat fragmentation, extinction rates will increase. This means that adaptation to climate change becomes an important survival option. As Savolainen et al. (2007b) stated, much more research is required on adaptation to climate change. We would like to present some measures that forest managers might take, mainly to mitigate the effects of habitat fragmentation. The measures can help the adaptation of the cultivated tree species, the adjustment of the composition of tree species in a forest, or both. When applying these measures the whole forest ecosystem must be considered. A stable metapopulation consists of three elements: occupied source patches that produce propagules, empty or nearly empty patches that receive propagules, and dispersal from one patch to the other.
With regard to source patches, forest reserves as we know them may not be a suitable way to conserve genetic diversity for the future, as in a dynamic world the conditions at the site will change. So even for forest reserves aimed at maintaining diversity rather than using it, we have to act. One possible measure is to take a large sample of the seedlings and transfer them to one or more other locations which are expected to be suitable in the (near) future, and thus to establish new sites for in situ conservation and use. This facilitation of range shifts for tree species is a form of "anticipatory forestry" (as a variation of Manning's phrase "anticipatory restoration" - Manning et al. 2009 ). Kremer (2007) mentions several historical examples where seed of natural and exotic forest trees have been transferred in many different directions in Europe, and argues that the adaptations of the populations derived from these transfers clearly suggest that evolutionary rates might be quite substantial, despite the long generation intervals of trees. St. Clair & Howe (2008) propose to mix local populations of Douglas fir with a proportion of trees from lower elevations and further south. This would increase the frequency of alleles that may be selected for as a result of climate change.
As for empty patches for the cultivated tree species, the management system used by the foresters determines the magnitude and geographical distribution of reforestation. This provides a good opportunity to anticipate at least some of the negative effects of climate change and fragmentation we mentioned. Lindgren (2008) advocated anticipating temperature change in tree breeding in Sweden by widening the range of testing sites for a breeding population to about 0.5-1 degrees of latitude. Deploying genetic materials at 50 m higher elevation than at which it is currently generated and selected would accommodate about 0.5 C degree warming during the lifespan of the trees. Lindgren (2008) considered these changes "safe", as they are unlikely to over-compensate for global warming. Given the latest IPCC reports on the predicted temperature increase a much larger change may be warranted, up to 1-2 degree C warming. Indeed, St. Clair & Howe (2008) expect that Douglas fir populations in the US a century from now should be adapted to climates from locations that are currently 450-1130 m lower in elevation and 1.8-4.9 degrees more southern in latitude.
Translocation experiments (described by Savolainen et al. 2007b ) have shown that tree species typically can grow to 80% of their maximum height when transplanted to a location that is not optimal at the moment but is anticipated to have suitable climate conditions in the future, without major yield losses. This means that seedlings may be transferred to a location that is anticipated to be optimal without major yield losses. The actual yield loss would be expected to decrease to zero as a result of the progress of climate change. Note that this applies both for different provenances from one species and for tree species that do not yet occur in the forest. Kramer et al. (2008b) modelled beech forests with different management regimes. They showed that increased management intensity, which leads to more frequent regeneration, allows the species to adapt significantly faster, as selection takes place in the seedling and sapling stage. This strategy would apply to forest reserves as well, as a "no management" strategy may prove to be a "dead end".
With regard to dispersal, a species that has a continuous distribution across contrasting ecological sites might be able to "import" genes contributing to higher fitness in areas exposed to severe stress (Kremer 2007) . If the distribution is scattered and disrupted this dispersal is less likely. A clear albeit rather specific case exists when habitat is naturally disjoint, such as in the case of mountain slopes. When trees move up the mountain slope they have to adapt on each mountain. It can be envisaged that it may be useful to move adapted seedlings from one mountain slope to comparable habitat sites on another mountain slope, if those sites contain small populations.
As deciduous and coniferous trees move to higher latitude and altitude deciduous trees will invade today's subalpine belt, displacing various conifers (Kräuchi & Kienast 1993) . Lindner (2007) discussed some management options at the level of the forest type and composition: we can move towards mixed species forests with varying ecological characteristics, we can diversify forest types, and we can gradually replace the major forest species. He furthermore argued for diversifying adaptation strategies as this leaves more options under uncertain future conditions. This could be done by having seed orchards at various latitudinal and altitudinal locations, with a maximum of different lines to produce the reproductive material for forest regeneration (Mátyás 1996) .
Up to now we only discussed here possible strategies for the forest tree species, and then especially those managed for production. Some of our management activities would be applicable for forests with natural regeneration as well. However, next to tree species, also all other species present in the forest ecosystem (plants of the forest undergrowth, animals, soil biota) will need to adapt locally, and/or to move when their suitable climate moves. Decreasing fragmentation of natural areas is common policy in nature conservation. This can be done by enlarging current natural areas, by connecting them, or by a combination of these two types of measures. Corridors are typically designed for use by a limited number of (large) mammals (Beier et al. 2008 ), but they are used by many other (smaller) animal species as well, and through these they also may assist in dispersal of plant species. For instance, Grashof-Bokdam et al. (2009) found that the occurrence of typical woodland bird, butterfly, and herb species was correlated with the existence of a network of forest patches and corridors. Connecting forests is the only measure that would help all non-tree species in the forest to shift their ranges in response to climate change. This may be especially true for the reserves, which contain valuable genetic sources for a range of species of the forest ecosystem. It will be especially effective if combined with a management regime that creates sufficient windows of opportunity for colonisation and for rejuvenation of populations.
